We investigate the formation of small scale filaments in a novel adaptive tracer transport model. The numerical model is based on a semi-Lagrangian advection scheme, and an adaptively and locally refined triangular mesh. The adaptive modelling approach allows very high local resolution, showing fine grained filamentation under the influence of background wind shear. Wind data for the tracer transport experiment are taken from the high-resolution regional climate model for the Arctic atmosphere, HIRHAM. The influence of horizontal resolution and changed radiation parameterization on the tracer transport has been investigated. We conclude recommending a minimum grid resolution of 15 km and properly chosen physical parameterizations in driving wind data for high-resolution tracer transport modelling. 
Introduction
The perturbed chemistry within the polar stratospheric vortex has generated great interest in the corresponding dynamics. The atmospheric distribution of trace constituents in the lower stratosphere depends not only on chemical sources and sinks but also on the redistribution as a result of transport induced by various dynamical processes.
The quasi-horizontal dispersion of a passive tracer on synoptic time scales is likely to occur through the formation of tracer filaments in the presence of a background wind shear. Plumb et al. [1994] showed that fine structures seen in aircraft data coincide with filamentary structures produced by a contour advection model.
The horizontal resolution required for the reproduction of these filaments cannot be achieved by general circulation models to date. In this study, we adopt an adaptive modelling technique, developed in [Behrens, 1996; Behrens, 1998 ], in order to achieve high local resolution. We consider the horizontal mixing of a conserved passive tracer in the lower polar stratosphere in an idealised configuration using the wind components from a highresolution regional climate model (HIRHAM). Wind data from HIRHAM are given with a horizontal resolution of 0.5 . Orsolini et al. [1995] used a global model with a horizontal resolution in the advecting winds of about 1.125 while Edouard et al. [1996] used data with a resolution of about 2.8 .
Three main aspects are investigated. First, we examine the influence of varying resolution of wind data. Second, the influence of varying horizontal resolution on the formation of small scale filamental structures in the Arctic polar vortex during winter is studied. And finally, the influence of different radiation parameterization schemes on the evolution of these filaments is investigated.
The next section describes briefly the HIRHAM model and experiment. The adaptive model is described in section 3. Section 4 treats the experiments and the corresponding results in detail. Finally we draw some conclusions.
High-Resolution Model of the Arctic Atmosphere
The formation of fine filamentary structures within the polar vortex occurs at horizontal scales which cannot be resolved by current General Circulation Models (GCMs). As a result of the rather coarse horizontal GCM resolution, mesoscale features caused by coastlines, ice sheets, and mountains are not captured. The horizontal resolution can be increased up to the mesoscale over a limited area of interest by nesting a regional model into either a global model or data analyses.
HIRHAM, the high-resolution regional climate model of the Arctic tropo-and stratosphere with a horizontal resolution of 0.5 and 19 vertical levels, has been described by Dethloff et al. [1996] . It uses the physical parameterizations of the GCM ECHAM3 and ECHAM4 and takes into account orography, radiation, clouds and convection, planetary boundary layer physics, land-surface processes, and gravity wave drag. The model has been forced by European Centre for Medium-Range Weather Forecasts (ECMWF) analyses at the lateral boundaries, and by observed sea surface temperatures and sea ice cover at the lower boundary.
The model closely reproduces observed circulation for the Arctic region north of 65 North in January 1990, as shown in [Dethloff et al., 1996] . Wind data for the horizontal transport experiment are taken for the 70 hPa layer every 6 hours with a horizontal resolution of 0.5 .
Adaptive Tracer Transport Model
For the experiments, described in section 4, we use a new adaptive tracer transport model. While a detailed description of the basic model ideas can be found in [Behrens, 1996] , we give a brief overview here. The model solves the advection equation in two dimensions: The wind a = a(x; t) is given by the HIRHAM data (cf. section 2). R = R(x; t) is the right hand side of equation (1) which can contain additional forces, but is set to zero in our case (i.e. we simulate the advection of an idealized passive tracer without friction and without other sources and sinks). C = C (x; t) denotes the (scalar) concentration of the tracer, while (x; t) is the space-time coordinate.
The time dependent part of the equations is discretized by the semi-Lagrangian method (a review of which can be found in [Staniforth and Côté, 1992] ). Spatial discretization is implemented by means of a finite-element-like representation of the scalar functions.
An adaptive grid generator refines the triangular grid down to a lower bound, where the gradient of the tracer concentration rC is large. On the other hand, in regions where rC is small, the grid is coarsened up to an upper bound. One should keep in mind that this error indicator is very simple and should not be used in cases where more complex phemomena are to be modelled. A good introduction to error estimation can be found e.g. in [Verfürth, 1993] . With this mechanism, we achieve very high local resolution without exhausting limited computing resources. An example of an adatively refined grid is given in figure 1 .
The model uses a cell-integrated semi-Lagrangian interpolation scheme, originally introduced by Machenhauer and Olk [1995] . It is adapted to triangular unstructured grids. Upstream values are not only interpolated at gridpoints, but the integral of the upstream valued function is promoted to the downstream grid. This results in a better representation of accumulation or dispersion of tracer mass in convergent or divergent flow fields, respectively, compared to standard semi-Lagrangian interpolation schemes.
Experiments and Results
In this section we try to answer four main questions. The first one is of rather philosophical character, as we ask: why can we see small scale filaments in the tracer advection when these structures are not present (due to coarse resolution) in the driving wind data? The more practical apsects of our investigation will analyze the influence of resolution of wind data, model resolution and physical parameterization to the formation of small scale structures.
Influence of Shearing
In order to explore the first question, let us think of a simplified example: let a in equation (1) Let the initial concentration distribution be given by a rectangle with concentration 1 and zero everywhere else (see figure 2). After advecting this configuration for some time, one will observe formation of small scale mixing in the transport model, while obviously no dynamical features are present in the underlying data. These small scale structures occur because of the presence of shear in the wind field. It is therefore reasonable to use high-resolution tracer transport schemes with medium-resolution data.
Influence of Wind Data Resolution
In order to determine the influence of data resolution (i.e. the resolution of the given wind field) to the formation of small scale filaments, wind data are given on grids of 110 100, 55 50, and 22 20 grid-points respectively. This corresponds to a mesh size of 50 km, 100 km, and 250 km respectively. Minimal mesh size of the transport model is set to approx. 10 km.
Compared to the reference case (110 100 data points), the 55 50 grid-point case shows no significant changes. However, reducing the data field to only 22 20 points results in a largely different behaviour. On the one hand, wind structure is slightly different, resulting in a displaced path of the transport. On the other hand, a more interesting behaviour, namely the formation of small scale filaments, is deteriorated. When comparing both plots in figure 3, one observes that fine mixing structures are present only in the high-resolution case.
Note that interpolation of the low-resolution wind data set to the computational grid of the high-resolution transport model is a problem in itself. However, we found that different orders of interpolation did not influence the results in a significant way.
Influence of Model Resolution
The next series of experiments aims at determining a necessary calculation grid resolution for the formation of small scale filaments. Wind data are now taken from the high-resolution data set (i.e. 110 100 data-points). The first case uses a uniformly refined grid with a resolution of approx. 55 km. This is (almost) the resolution of the given data set, and a common resolution for regional models of the Arctic. Three additional model configurations are probed with resolutions of approx. 20 km, 10 km, and 5 km respectively. Note that all of these high-resolution tracer advection simulations can be calculated on a standard workstation due to the adaptive refinement strategy.
As one would expect, finer resolution causes finer structures in the tracer concentration function. However, there is a sharp difference between the 20 km and the 10 km experiments. As can be seen in the work of Edouard et al. [1996] there seems to be a necessary resolution of approx. 15 km for fine scale filaments to occur. Figure 4 shows the tracer concentration for the different resolutions.
Influence of Physical Parameterization
The sensitivity of the model results to changed radiation parameterization has been investigated using HIRHAM with ECHAM4 physics (configuration HE4) and HIRHAM with ECHAM4 physics but with the ECHAM3 radiation module (configuration HE4.RM3). In both versions, gaseous absorption due to water vapour, carbon dioxide and ozone ist taken into account as well as scattering and absorption due to aerosols and clouds. The longwave emission to space is increased due to increased infrared water vapour absorption in ECHAM4 radiation module compared to ECHAM3. These differences in the cooling rates strongly influence the driving wind fields thus affect-ing the tracer transports.
In order to measure the main dynamical difference between these two experiments, a kind of ensemble simulation experiment has been conducted. Circular concentration distributions, centered on a 3 3-grid of center-points, form the ensemble. The model is configured with a resolution of approx. 10 km grid size, wind data are given on a 110 100-grid. The plots in figure 5 show the difference of the mean tracer concentration distribution of the ensemble of experiments.
One can notice that the HE4.RM3 model configuration tends to advect the tracer north of the HE4 scheme. Additionally, the first scheme seems to advect the tracer at a slightly higher speed.
Conclusions
The main result of our study is that adaptive modelling is a very powerful means for high-resolution tracer transport simulations. We were able to calculate the tracer transport with 5 km local resolution for one month of model time on a workstation within reasonable computation time. At this high resolution small scale filaments are visible, which could not be resolved in earlier studies, due to the limited computational resources. In accordance with the results of Edouard et al. [1993] we recomend to set the spatial resolution to approx. 15 km, when small scale filaments are to be observed.
Although the formation of small scale filaments depends only on the presence of background shear in the windfield (which can be embodied in coarsely resolved wind data) we recomend to take the best (i.e. highest resolution) data available for future experiments. A too coarse resolution in the wind data can deteriorate the formation of small structures.
Finally, as the radiation parameterization clearly has an influence on the distribution of a passive tracer, we conclude that it is by no means insignificant which parameterization scheme is chosen. Again, the best possible parameterization scheme available should be used in future experiments. 
